We demonstrate that ''brute force'' quantum-mechanics͞molecu-lar-mechanics computations based on ab initio (i.e., first principles) multiconfigurational perturbation theory can reproduce the absorption maxima of a set of modified bovine rhodopsins with an accuracy allowing for the analysis of the factors determining their colors. In particular, we show that the theory accounts for the changes in excitation energy even when the proteins display the same charge distribution. Three color-tuning mechanisms, leading to changes of close magnitude, are demonstrated to operate in these conditions. The first is based on the change of the conformation of the conjugated backbone of the retinal chromophore. The second operates through the control of the distance between the positive charge residing on the chromophore and the carboxylate counterion. Finally, the third mechanism operates through the changes in orientation of the chromophore relative to the protein. These results offer perspectives for the unbiased computational design of mutants or chemically modified proteins with wanted optical properties.
R
ecently, protein mutants displaying properties such as high binding affinities and novel catalytic activities (1, 2) have been designed by using computational methods based on molecular mechanics. In a close context, substrate selectivity has been simulated by using more advanced tools based on density functional theory and molecular mechanics paving the way to the design of mutations that convert receptors into enzymes (3) . However, the design of mutants with specific spectral properties, such as color and luminescence, represents a more complex problem. In these cases, the quantum chemical method used must be capable to describe both ground and electronically excited states of the protein chromophore. The ab initio (i.e., first-principles) complete-active-space self-consistent-field (CASSCF) method (4) is a multiconfigurational method offering maximum flexibility for an unbiased description of the electronic and equilibrium structure of a molecule (i.e., with no empirically derived parameters and avoiding single-reference wavefunctions). Furthermore, the CASSCF wave function can be used for subsequent multiconfigurational second-order perturbation theory (5) computations (CASPT2) of the dynamic correlation energy of each state ultimately leading to a nearly quantitative evaluation of the excitation energies of organic compounds (6, 7) . The CASPT2 ability to describe exotic bonding has been recently assessed (8) .
In a previous study (9) , we implemented the ab initio CASPT2͞͞CASSCF protocol (where equilibrium geometries and electronic energies are determined at the CASSCF and CASPT2 levels, respectively) in a quantum mechanics͞ molecular mechanics (QM͞MM) scheme (10) (11) (12) allowing for the evaluation of the excitation energy of chromophores (treated quantum mechanically) embedded in a protein environment (described by a MM force field).
The absorption and fluorescence maxima of diverse proteins such as the visual pigment rhodopsin (Rh) (13) (see Fig. 1 ) and the green fluorescent protein (14) were reproduced within a few kcal⅐mol Ϫ1 . The quality of the used quantum chemical method has also allowed to reproduce the difference between the absorption maximum ( max a ) of Rh and of its retinal chromophore in methanol solution (i.e., the so called opsin-shift; ref. 15 ) with a Ͻ2 kcal⅐mol Ϫ1 error (see also Fig. 2A ). Here, we use CASP T2͞͞CASSCF͞6 -31G*͞A MBER QM͞MM computations (see Methods and supporting information, which is published on the PNAS web site, for details) to unveil the molecular factors responsible for the changes in the absorption maximum (i.e., in color) of three rhodopsins. Although, due to their high cost, CASPT2͞͞CASSCF͞AMBER computations cannot presently be used for screening large sets of mutants, the rhodopsins were chosen in such a way to represent different limiting cases. As illustrated in Fig. 1 , the first Author contributions: P.B.C. and M.O. designed research; P.B.C., A.S., and N.F. performed research; N.F. contributed new software/analytic tools; P.B.C., A.S., N.F., and M.O. analyzed data; and M.O. wrote the paper. is isorhodopsin (iso-Rh) (16) a protein with the same amino acid sequence of Rh but incorporating a 9-cis rather than 11-cis retinal chromophore. The second is a mutant (E113D) (17) incorporating a change in the Glu-113 carboxylate counterion of Rh (i.e., the only ionized residue present in the protein cavity). In contrast, the third is a mutant (G121L) (18) incorporating a change in the nonpolar amino acid Gly-121 that is replaced by a bulkier one (leucine). The fact that the modified Rh (i) feature an observed max a value Ͻ20 nm far from that of wild-type Rh and (ii) display max a changes induced by chemically different structural variations makes them challenging candidates for computational modeling and analysis. In particular, the fact that bulkier residues or changes in chromophore conformation induce a max a change of the same magnitude as seen when modifying the charged counterion, calls for an understanding of the color tuning mechanism that goes beyond the effect of the change of polar residues.
Results and Discussion
Color tuning in rhodopsins has been investigated in the past in the context of color vision (19) . Three different molecular factors have been proposed to play a role: (i) the increased or decreased conjugation of the retinal polyene chain (20, 21) ; (ii) the placement of charged, polarized or polarizable groups close to the chromophore chain (22) (23) (24) (25) ; and (iii) the weakening of the interaction between the positive charge of the chromophore and its negative counterion (26, 27) . Factor ii is usually considered dominating and past work on rhodopsins has mainly focused on the effect of the insertion of polar residues in the protein cavity (28) . Less attention has been paid to the changes due to factors leading to chromophore deformation͞reorientation. Despite their different max a , the pigments investigated here feature, when excluding the counterion, the same composition in polar residues. Thus, they provide a unique basis to determine which factors operate when factor ii is not modified.
In Table 1 we report the max a evaluated at the S 0 equilibrium structure of the selected rhodopsins. It is apparent that the computed quantities reproduce the observed values with a systematically blue-shifted error of Ͻ35 nm (Ͻ4.5 kcal⅐mol Ϫ1 ). It is also apparent that the relative changes in excitation energies (see Fig. 2 A) are reproduced with a Ͻ2 kcal⅐mol Ϫ1 error. Similarly the change in f is consistent with that of the extinction coefficients. The error coming from the use of the 6-31G* basis with a correlated wavefunction has been estimated by recomputing the max a of Rh with the ANO-S basis. This yields a smaller 10-nm red-shifted error (see supporting information), indicating that a better basis could predict better absolute excitation energies. However, because we focus on max a changes and due to excessive computational costs, ANO-S testing has not been performed for the other rhodopsins.
The quality of our models prompts for an analysis of the geometrical and electronic factors determining the max a changes. Accordingly, the excitation energy of each model is compared with that of the corresponding isolated chromophore taken with the geometry found in the protein (see Fig. 2B ) and to that of the protein deprived of the Glu-113 or Asp-113 carboxylate charges (see Fig. 2C ), from now on called ''nc-opsin'' (i.e., in nc-opsin the Amber partial charges have been set to zero for the entire Glu-113 or Asp-113 residues).
Effect of the Opsin Residues. The origin of the protein absorption centered at Ϸ60 kcal⅐mol Ϫ1 , can be understood when the excitation energies of the isolated chromophores (see Fig. 2B ) are taken as reference values. In fact, these fall in a red-shifted region centered at Ϸ53 kcal⅐mol Ϫ1 . It is thus apparent that the opsins induce a blue-shift of the chromophore max a . Notice that, for the case of Rh, the difference in excitation energy of the relaxed gas-phase chromophore (the N-methylated form of the 6-s-cis,11-cis retinal protonated Schiff base) (29) and of the isolated Rh chromophore (this work) is 0.2 kcal⅐mol Ϫ1 . This demonstrates that the max a change induced by the protein environment is due to effects other than the limited changes in chromophore structure (the main differences are a Ϸ10°in-crease in the C 6 OC 7 single bond torsion and a planarization of the -C 12 AC 11 OC 10 AC 9 OC 8 AC 7 -moiety in the gas-phase structure). The blue-shift effect of opsin is further disentangled by looking at the values of the excitation energy of the same chromophores inserted in nc-opsin. In this condition, the chromophore feels the electrostatic potential generated by the cloud of partial charges of the protein residues but does not feel the counterion. As shown in Fig. 2C , such potential has an opposite effect as the excitation energy region is now centered at 45 kcal⅐mol Ϫ1 . Thus, it is apparent that, in contrast with the full opsin, nc-opsin induces a red-shift of the chromophore max a . As a consequence, we conclude that the counterion induces a blue-shift.
The results discussed above are explained on the basis of the charge transfer nature of the spectroscopic state of the retinal chromophore (see Fig. 3A ) (30) (31) (32) (33) . As previously reported (13) , in Rh, the 34% of the chromophore charge, originally located on the -NHACH-moiety, is shifted toward the ␤-ionone upon S 0 3 S 1 vertical excitation. An electrostatic potential stabilizing, in the excited state, the positive charge near the ␤-ionone region or destabilizing it in the Schiff base region, for the ground state, will result in a decreased S 0 3 S 1 excitation energy (34) .
According to Fig. 2C , the electrostatic potential generated by the nc-opsins always decreases, with respect to the isolated chromophores, the S 1 -S 0 energy gap. Indeed, as shown in Fig.  3B , for Rh, nc-opsin destabilizes the S 0 state (notice the positive potential in the -NH(ϩ)ACH-region) consistently with computed red-shift. Accordingly, in opsin, the negative counterion, that forms a salt bridge with the -NH(ϩ)ACH-moiety, counterbalances and surmounts the nc-opsin potential thus accounting for the resulting blue-shift with respect to the isolated chromophores.
Effect of the Chromophore Structure. Comparison of Fig. 2 A and B demonstrates that, relative to Rh, the increase in excitation energy seen in iso-Rh and in G121L is also present in the isolated chromophores. This finding establishes that, in these systems, the observed changes in max a is, at least partially, a consequence of a change in the structure of the chromophore (i.e., factor i above). This conclusion does not apply to the E113D mutant whose chromophore (see Fig. 2B ) displays, with respect to the Rh chromophore, a Ͻ0.3 kcal⅐mol Ϫ1 change in excitation energy. In a recent report (29) we have shown that, in the gas-phase, the excitation energy of the retinal chromophore is sensitive to the deformation of the conjugated -framework. Here, the equilibrium structures of iso-Rh and G121L (see Fig.  4A ) indicate that the excitation energy change is achieved through a complex deformation spanning the entire AC 13 OC 12 AC 11 OC 10 AC 9 OC 8 AC 7 OC 6 A fragment (of course, for iso-Rh such effect is due to the change in conformation of the chromophore that has to re-locate itself in the opsin cavity). Indeed, although iso-Rh and G121L feature a 6°a nd 4°increase in the C 5 OC 6 OC 7 OC 8 dihedral angle, respectively (i.e., too small to account for the excitation energy changes, because we found a Ϸ1 kcal⅐mol Ϫ1 excitation energy decrease for each 10°twisting of the ␤-ionone; see supporting information), there is also an 8°and 9°increase of the C 10 OC 9 OC 8 OC 7 dihedral and a 9°and 8°increase in the C 14 OC 13 OC 12 OC 11 dihedral. The conclusion that the conformational control of a fragment (not of a single torsion) is one of the mechanisms of color tuning is also consistent with the analysis of the G121Lred conformer (see Fig. 2 ) of the G121L mutant. Such conformer, located 1 kcal⅐mol Ϫ1 higher than G121L, features, with respect to Rh, a ␤-ionone ring with a 10°d ecreased C 5 OC 6 OC 7 OC 8 dihedral angle (suggesting an augmented conjugation). However, it also features an 11°and 10°i ncreased C 14 OC 13 OC 12 OC 11 and C 12 OC 11 OC 10 OC 9 dihedral, respectively. Such deformation yields an excitation energy 4 kcal⅐mol Ϫ1 lower than that of G121L in both the protein and isolated chromophore.
Effect of the Counterion. As discussed above, the interaction of the chromophore with its counterion is also a means of color-tuning (i.e., factor iii). Although this has been experimentally established (17) , multireference perturbation theory provides an atomic level description of this effect in a real mutant. As shown in Fig. 2 B and C, both the isolated and nc-opsin embedded E113D chromophore features an excitation energy close to the one of Rh (actually slightly blue-shifted). This finding indicates that the red-shifted max a of E113D in Fig. 2 A is due to a change in the chromophorecounterion interaction that is only present in the full protein. Indeed, although the computed chromophore geometries of E113D and Rh are found to be substantially identical, the Asp-113 shorter side chain leads to a Ϸ0.9 Å increase in the counterion-Schiff base distance (we found a Ϸ1 kcal⅐mol Ϫ1 excitation energy decrease for each 0.1-Å increase in counterion-chromophore OON distance; see supporting information). This change, which decreases the stability of S 0 with respect to S 1 , is almost absent in G121L and iso-Rh, where the carboxylate-Schiff base distance change, with respect to Rh, is Ͻ0.1 Å (see Fig. 4A ).
Effect of the Chromophore Orientation. A color-tuning factor, not directly related to factors i-iii, is revealed through further inspection of Fig. 2 . In fact, despite the unchanged charge distribution in the five nc-opsins (i.e., the replacement of glycine with the neutral leucine residue in G121L does not alter the opsin generated electrostatic potential, see supporting information), the excitation energy decrease seen for the iso-Rh chromophore upon embedding in nc-opsin is Ϸ1.5 kcal⅐mol Ϫ1 smaller than for the other rhodopsins (compare Fig. 2 B and C) . Such behavior must be related to a distinctive interaction of the iso-Rh chromophore with the electrostatic potential generated by the protein (the steric interactions have the same effect on S 1 and S 0 energies). In this context, one should note that, in the protein cavity, the orientation of the chromophore in iso-Rh and G121L strongly deviate from that seen in Rh. Indeed, as shown in Fig.  4B , in iso-Rh there is a displacement in the region that goes from the -NHACH-to the -C 9 OC 8 -bond preceding the ␤-ionone region. In contrast, in G121L, the chromophore deviates in the ␤-ionone region. Such changes have the obvious consequence that the displaced backbones feel a different electrostatic potential. As shown in Fig. 3B , in iso-Rh, the chromophore experiences a decrease of repulsive potential in the region of the Schiff base and a more limited decrease of negative potential in the ␤-ionone region. Therefore, S 0 will be less destabilized (consistently with a reduced red-shift in nc-opsin). This idea is confirmed by the analysis of the electrostatic potential on the G121L chromophore. Consistently with its different orientation, this chromophore does not show changes in the protonated Schiff base region and, thus, the magnitude of the S 0 destabilization matches that of Rh. The G121L chromophore also displays a decrease in negative potential in the ␤-ionone region (with respect to Rh). However this seems to have only a limited effect that may be related to the fact (13) that, in Rh, the charge translocation, occurring upon S 0 3 S 1 excitation, does not go beyond the -C 10 AC 9 -fragment (see Fig. 3A ). Finally, from comparison of Fig. 2 A and C, it is apparent that the difference in excitation energy of the iso-Rh and G121L chromophores is reduced and even inverted when passing from a nc-opsin to an opsin environment. Part of this effect is accounted for by the larger counterion-Schiff base distance computed for iso-Rh (see Fig. 4A ) that result in a lesser S 0 stabilization leading to a lower excitation energy.
The idea of generating, with the help of a computer, mutants or chemically modified rhodopsins of a wanted color is a dream that remains to be fulfilled. However, we have shown that an unbiased QM͞MM method based on ab initio multireference perturbation theory coupled with the standard AMBER forcefield, provides a state-of-the-art computational tool that can successfully reproduce max a changes. Most importantly, we have demonstrated that such changes are reproduced even when the proteins do not differ in charged or polar residues.
The analysis of the excitation energy of rhodopsin demonstrates that opsin is designed in such a way to counterbalance (offset) the effect of its own counterion. Indeed, the fact that the protein excitation energy is intermediate between that of the chromophore in solution and in the gas-phase (see Fig. 2 A and  B) indicates that the field generated by opsin reduces the effect of the counterion more effectively than methanol (a solvent will always compensate for the effect of the counterion; ref. 35) .
The color tuning factors documented above will also operate in more common mutants characterized by a different composition or distribution of charged or polar residues. These comprise mutants mimicking the absorption properties of blue, green, and red cone pigments (28) , those involved in retina diseases (36) , and even the residues changes responsible for the variations in the color vision of primates (37, 38) . In all these systems, the electrostatic effects will be unavoidably interlinked to a change in the chromophore geometry and cavity reorientation. For this reason, we believe that computational tools of the type applied above offer, when coupled with modern 3D structure prediction methods, new perspectives not only for the design of mutants or chemically modified rhodopsins but also for vision research.
Methods
Wanko et al. (39) have recently reviewed the application of QM͞MM to the evaluation of the excitation energy of rhodopsins. Accordingly, here we only mention the few results that may help the reader to put our methodology in the correct perspective. Warshel et al. (40) reported the first QM͞MM computation for an atomic-level model of bacteriorhodopsin (bR) using a QCFF͞PI Hamiltonian with the polarizable protein force field of the program ENZYMIX (40) . An improved version of this method was used to model the bR excitation energy profile (11) . After this initial effort, other QM treatments of the chromophore have been used. For instance, Sakurai and coworkers (41, 42) used a semiempirical INDO͞S, coupled to their protein polarizable force field, to model the excitation energies of Rh, bR, and other rhodopsins. More recently, time-dependent density functional theory has been tested by Vreven and Morokuma, who applied TD-B3LYP coupled to the (fixed charge) AMBER force field to bR (43) . Only a few QM͞MM investigations used ab initio QM. Gao et al. (44) used the CIS method couple to a modified CHARMM force field to evaluate the excitation energy of bR. Yamada et al. (45) used an RHF͞6-31G͞AMBER scheme to investigate the ground state (S 0 ) stability of PSB11 protonated state in Rh. reported a CASSCF͞͞HF͞DZV͞AMBER computation of the max of bR and other rhodopsins. Although these authors correctly predict max changes, the max absolute values were strongly blue-shifted. More recently, a SAC-CI͞͞SCF͞AMBER investigation of Rh, bR and two sensory rhodopsins (49) and a SORCI͞͞SCC-DFTB͞CHARMM of bR and one sensory rhodopsin (50) have been reported. Although the excitation energies of these systems are reproduced in both cases, the retinal structure is determined by using a single-reference theory. In principle, this may impose a variational limit to the correct description of the chromophore bond lengths and torsional angles. Indeed, as documented elsewhere (39) , the retinal bond alternation is sensitive to the nature of the wave function used in the geometry optimization. In this context, the CASPT2͞͞ CASSCF level offers a genuine multireference QM treatment.
The ground state (S 0 ) Rh model used in our CASPT2͞͞ CASSCF͞6 -31G*͞AMBER computations is derived from monomer A deposited in the Protein Data Bank (ID code 1HZX; ref. 51). In the context of the present work, the crystallographic structure is assumed to provide an acceptable model of the average environment of the chromophore, and no protein solvent (membrane lipids and external waters) is added. In fact, within our fixed charge model, the excitation energy should be mainly determined from the protein region close to the chromophore, and therefore the protein solvent has not been considered. This assumption is supported by the reevaluation of the max of Rh using a reduced model consisting of the 27 residues surrounding the chromophore (i.e., the Palczewski's cavity and the two crystallographic waters; see supporting information for details). In fact, it is shown that the recomputed excitation energies differs Ͻ1 kcal⅐mol Ϫ1 from the original value of Table  1 . With the exception of Lys-296, the residue charges are described by the standard AMBER force field (52) error (however, notice that cancellation effects cannot be excluded). Given the substantially constant protein matrix of the set studied here, the error on excitation energy changes will be much smaller). With the exception of the Glu-113 counterion [forming a salt-bridge with NH(ϩ)], the Rh cavity is set neutral consistently with the experiment (54) . Although the protein is kept frozen during the optimizations, the Lys-296 side chain, the position͞orientation of two TIP3P water molecules (W1 and W2 in Fig. 1 ), and the chromophore are relaxed to generate the protein equilibrium structure. The optimizations have been stopped when the maximum force is Ͻ0.0015 hartree͞bohr and the rms displacement is Ͻ0.004 bohr. Due to the excessive computational cost, no second derivative computations could be performed to rigorously determine the nature of the stationary point. Improved crystallographic structures (1L9H and 1U19 in the Protein Data Bank; ref. 55 ) have recently become available that feature a better resolved position of the W2 water. Although this position differs by that defined by our model, W2 is still hydrogen bounded to the Glu-113 O1 center. Furthermore, the correct W2 hydrogen bond network is still under debate (56) . Because, as documented above, our Rh models can reproduce the observed spectral properties of the corresponding systems, we maintain the chosen W2 position (13) . To probe the effect of this choice on the Rh max a , we have moved W2 to a position͞ orientation consistent with the 1L9H and 1U19 structures and reoptimized our Rh model (see supporting information for details). The results show that, despite a nonnegligible change in the geometry of the Schiff base region, the recomputed excitation energy differs Ͻ1 kcal⅐mol Ϫ1 from the original value of Table 1 . Because there is no published crystallographic structure for iso-Rh, E113D, and G121L, their models have been derived from the Rh model. The ground state model of iso-Rh is constructed by replacing the 11-cis retinal chromophore of Rh with its 9-cis stereoisomer and repeating the optimization procedure described above (here we assume that, with the only exception of the Lys-296 that is fully relaxed, the average position of the other cavity residues will remain unchanged; the idea is that the conformationally flexible Lys-296-chromophore moiety will adapt to the opsin cavity without perturbing the original residue packing). The model of E113D has been derived by replacing the Glu-113 side chain with the side chain of the aspartic acid. Such guess structure is then relaxed by using the same procedure but including the variables describing the side chain of the aspartic acid residue in the optimization. The construction of the G121L model has required a less straightforward procedure. First, we have replaced the Gly-121 residue with leucine and included the leucine side chain in the optimization. Starting from the obtained energy minimum, we have looked for the different conformers of the ␤-ionone ring as a function of torsional deformation about the C 6 OC 7 bond (see Fig. 1 ). Two low-lying conformers (G121L and G121Lred) were located that differ by Ϸ1 kcal⅐mol Ϫ1 in energy. For all models, at the S 0 equilibrium geometries, a three-root state average CASPT2 computation is carried out using the MOLCAS-6 program (57) to evaluate the vertical excitation energy of the allowed (S 0 3 S 1 ) transition (assumed to correspond to the max a energy) and the associated oscillator strength. The values for the S 0 3 S 2 transition have also been determined for consistency (see supporting information).
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